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Uterine Spiral Artery Remodeling Involves Endothelial
Apoptosis Induced by Extravillous Trophoblasts Through
Fas/FasL Interactions
Sandra V. Ashton, Guy St. J. Whitley, Philip R. Dash, Mark Wareing, Ian P. Crocker,
Philip N. Baker, Judith E. Cartwright
Objective—Invasion of uterine spiral arteries by extravillous trophoblasts in the first trimester of pregnancy results in loss
of endothelial and musculoelastic layers. This remodeling is crucial for an adequate blood supply to the fetus with a
failure to remodel implicated in the etiology of the hypertensive disorder preeclampsia. The mechanism by which
trophoblasts induce this key process is unknown. This study gives the first insights into the potential
mechanisms involved.
Methods and Results—Spiral arteries were dissected from nonplacental bed biopsies obtained at Caesarean section, and
a novel model was used to mimic in vivo events. Arteries were cultured with trophoblasts in the lumen, and apoptotic
changes in the endothelial layer were detected after 20 hours, leading to loss of endothelium by 96 hours. In vitro,
coculture experiments showed that trophoblasts stimulated apoptosis of primary decidual endothelial cells and an
endothelial cell line. This was blocked by caspase inhibition and NOK2, a FasL blocking antibody. NOK2 also
abrogated trophoblast-induced endothelial apoptosis in the vessel model.
Conclusions—Extravillous trophoblast induction of endothelial apoptosis is a possible mechanism by which the
endothelium is removed, and vascular remodeling may occur in uterine spiral arteries. Fas/FasL interactions have an
important role in trophoblast-induced endothelial apoptosis. (Arterioscler Thromb Vasc Biol. 2005;25:102-108.)
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Remodeling of the uterine arteries is a key event in earlypregnancy. In the first trimester of pregnancy, a sub-
population of fetal trophoblast cells, the extravillous tropho-
blast, invade the uterine wall (interstitial invasion) and its
blood vessels (endovascular invasion) as far as the myome-
trial segments. In the uterine spiral arteries, the trophoblasts
interdigitate between the endothelial cells (ECs), replacing
the endothelial lining and most of the musculoelastic tissue in
the vessel walls. This creates a high-flow, low-resistance
circulation that increases maternal blood flow to the placental
villi at the maternal–fetal interface.
Data suggest that trophoblasts bind to and migrate along
the luminal surfaces of the endothelium and transiently
coexist on the walls of partially modified spiral arteries
before replacing the endothelium.1,2 Little is known as to how
these processes are regulated in normal pregnancies; how-
ever, their pivotal importance in the establishment and
maintenance of a successful pregnancy is illustrated when
they fail to occur or occur to a significantly reduced extent.
Defective remodeling of the spiral arteries is associated with
pregnancies complicated by preeclampsia and intrauterine
growth restriction (IUGR)3 and is proposed to lead to an
overall state of oxidative stress or fluctuations in oxygen
concentrations analogous to hypoxia-reperfusion within the
placental environment.4 Preeclampsia and IUGR are respon-
sible for considerable perinatal mortality and morbidity and
carry health implications in adult life, including increased risk
of hypertension, heart disease, and diabetes.5 The importance
of interactions between trophoblasts and the vascular cells of
the spiral arteries, which may account for these differences in
remodeling, have yet to be determined in normal or compli-
cated pregnancies.
Studies of spiral arteries have been confined primarily to
immunohistochemical analysis of placental bed biopsies,6
whereas in vitro studies have been hampered by the lack of
suitable models to directly examine cellular interactions
during invasion. To address these problems and to investigate
the mechanisms responsible for these essential vascular
changes, we have developed an in vitro model of spiral artery
invasion and remodeling.7
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It is well established that the balance between factors that
promote and inhibit vascular cell apoptosis is important in the
maintenance of vessel integrity.8 We postulate that the
invasive extravillous trophoblast may play an active role in
the vascular adaptations that occur in the uterine vessels, and
that trophoblast induction of endothelial apoptosis may be an
important mechanism in spiral artery remodeling.
Methods
Trophoblast and Endothelial Isolation and Culture
Informed consent was obtained and ethical committee approval was
in place for all studies. Isolation of primary first-trimester cytotro-
phoblasts was performed as described previously.7 SGHPL-4 cells
are a human first-trimester extravillous trophoblast-derived cell line
cultured as described previously9 and used extensively as an extra-
villous trophoblast model.10 SGHPL-4 cells retain features of normal
extravillous trophoblast including expression of human leukocyte
antigen-G (HLA-G), cytokeratin-7, CD9, and human placental lac-
togen (hPL). SGHEC-7 cells are a human umbilical vein EC
(HUVEC)–derived cell line and were cultured as described previ-
ously.11 Primary human first-trimester decidual ECs were isolated
using a modification of the method described by Grimwood et al.12
Further details are available in an online supplement available at
http://atvb.ahajournals.org. Endothelial identity was confirmed by
expression of CD31 and von Willebrand factor (vWF).
Spiral Artery Dissection and Culture
With Trophoblasts
Endovascular perfusion of trophoblasts into isolated unmodified
nonplacental bed spiral arteries was performed as described previ-
ously.7 In brief, decidual/myometrial biopsies were obtained from
nonplacental bed areas from normal pregnant women undergoing
elective Caesarean section at term for reasons such as breech
presentation. Spiral arteries were dissected under sterile conditions
and mounted on cannulae in a perfusion chamber (Living Systems).
SGHPL-4 cells or primary first-trimester cytotrophoblasts were
fluorescently labeled by incubation with 5 mol/L CellTracker
Orange probe (Molecular Probes) for 30 minutes at 37°C, followed
by incubation with fresh medium for 30 minutes. The lumen of the
artery was perfused with either labeled trophoblasts at 5106
cells/mL (with 5104 cells perfused into each artery) or culture
media alone. Where indicated, anti-FasL blocking antibody (10
g/mL NOK2;13 BD PharMingen) or control IgG2a, (10 g/mL;
Sigma) were added to the trophoblasts before perfusion. After a short
perfusion, the ends of each spiral artery segment were tied (to
prevent cells diffusing out), and the artery was supported in a fibrin
gel9 with culture medium added on top. Vessels were incubated for
up to 4 days, when arteries were cryosectioned. The presence of
trophoblasts within the lumen was confirmed by fluorescence
microscopy.
Immunohistochemistry
Sections were fixed in 4% (wt/vol) paraformaldehyde in PBS for 10
minutes, washed in PBS, and permeabilized in 0.2% (v/v) Triton
X-100/PBS for 5 minutes. After 3 washes with PBS, blocking buffer
(PBS/10% goat serum) was added for 20 minutes, then rabbit
anti-human poly(ADP-ribose) polymerase (PARP) p85 fragment
antibody (2.5 g/mL, Promega), rabbit anti-human vWF (14.25
g/mL; DAKO), rabbit immunoglobulin control, monoclonal anti-
human Fas (25 g/mL MAB142; R&D Systems), or isotype control
immunoglobulin were added for 1 hour. After 3 washes, slides were
incubated for 45 minutes with biotinylated goat anti-rabbit or
anti-mouse antibodies (Vector Laboratories) at 7.5 g/mL. After 3
further washes, slides were incubated with fluorescein-streptavidin at
15 g/mL for 15 minutes, washed extensively, and Vectashield
mounting medium added.
Time-Lapse Microscopy
SGHEC-7 ECs were fluorescently labeled by incubation with
5mol/L CellTracker Orange probe for 30 minutes at 37°C, followed
by incubation with fresh medium for 30 minutes. SGHEC-7 cells
were seeded at 1.32105 cells/well in 6-well plates. After 6 hours,
the medium was changed to phenol-red free RPMI medium 1640/
M199 containing 0.5% (wt/vol) gelding serum (to remove the effect
of estrogen in the culture medium). Decidual ECs were plated
directly onto collagen-coated 6-well plates after isolation. After 24 to
48 hours, cells were washed to remove detached Dynabeads. After an
additional 24 hours, cells were labeled with CellTracker probe as
above, and medium was changed to McCoy’s medium supplemented
with 25% (v/v) human serum. After 15 hours (for SGHEC-7) or 4
hours (for primary decidual ECs), SGHPL-4 extravillous trophoblast
cells or ECs (not fluorescently labeled, to control for cell number)
were added at 1.32105 cells per well in the presence or absence of
caspase inhibitor VI (zVAD-fmk; 50mol/L; Calbiochem), anti-
FasL blocking antibody (10 g/mL NOK2), or control IgG2a, (10
g/mL). Once the additional cells had adhered, the plate was
transferred to an Olympus IX70 inverted fluorescence microscope
with motorized stage and cooled charge-coupled device camera and
enclosed in a heated, humidified chamber at 37°C with 5% CO2 in
air. Images were taken every 15 minutes for 36 hours, and time-lapse
sequences were analyzed using ImagePro Plus (Media Cybernetics).
In each field of view, 40 ECs (identified by fluorescence) were
randomly chosen, with 4 fields of view examined. Experiments were
repeated at least 3. Apoptotic cells were scored according to the
time at which clear apoptotic morphology was first observed.
Apoptotic morphology was considered as cytoplasmic and nuclear
shrinkage, a change to a phase-bright appearance and the formation
of membrane blebs and blisters. Use of time-lapse microscopy to
determine apoptotic morphological changes over time has been well
established and allows the kinetics of the apoptotic response to be
determined.14,15
Western Blot Analysis of Cleaved
PARP Expression
SGHEC-7 ECs were seeded in culture plates. SGHPL-4 extravillous
trophoblast cells or SGHEC-7 (to control for cell number) were
seeded at the same concentration as the SGHEC-7 cells in tissue
culture inserts (Nalge Nunc; 0.4 m membrane). After 16 hours, the
medium was changed to phenol-red free RPMI medium 1640/M199
containing 0.5% (wt/vol) gelding serum, and the inserts were added
to the plates (3 25-mm inserts/9-cm plate). After the stated time, ECs
on the plate were lysed in RIPA buffer, and Western blot analysis
was performed. Samples were separated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane. After incubation in blocking
buffer (10 mmol/L Tris, pH 8, 150 mmol/L NaCl, 0.05% Tween 20,
and 10% [wt/vol] milk powder) for 1 hour at room temperature, the
membrane was incubated with rabbit polyclonal anti-human cleaved
PARP (1:1000; Promega) or anti-actin (1:1000; Sigma) for 1 hour.
Anti-rabbit IgG peroxidase (1:6000; A6154; Sigma) was added for 1
hour. Detection of membrane-bound antibodies was performed by
chemiluminescence (ECLPlus; Amersham).
Western Blot Analysis of Endothelial Fas and
c-FLIP Expression
ECs were analyzed for expression of Fas, and experiments were
performed to determine the effect of coculture with trophoblasts on
endothelial c-FLICE/caspase 8-inhibitory protein (FLIP) expression,
as detailed in the online supplement (available at
http://atvb.ahajournals.org).
Statistical Analysis
All data were analyzed using a repeated-measures ANOVA with
Tukey’s multiple-comparison post-test unless stated. Statistical sig-
nificance was assumed at P0.05.
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Results
Trophoblasts Induce Apoptosis and Loss of ECs in
a Spiral Artery Explant Model
Spiral arteries were cultured with trophoblast cells or medium
alone in the lumen of the vessel for 20 to 96 hours before
cryosectioning. The presence of trophoblasts in the lumen of
vessels perfused with cells was confirmed by fluorescence
microscopy. When vessels were cultured for 96 hours, those
with medium in the lumen had an intact endothelium, as
determined by vWF staining (Figure 1A), whereas arteries
with trophoblasts in the lumen showed significant loss of
vWF-positive ECs. This effect was observed in vessels
perfused with primary cytotrophoblasts and the SGHPL-4
extravillous trophoblast cell line. Cells staining positive for
the p85 caspase-cleaved fragment of PARP (a marker of
apoptosis) could be detected lining the lumen of the arteries
that had been cultured with trophoblasts for 20 hours (Figure
1B), whereas no cleaved PARP-positive cells could be
detected in vessels cultured with medium for the same length
of time. The presence of trophoblasts within the lumen of the
perfused vessels is shown in Figure I (available online at
http://atvb.ahajournals.org). The same effect was observed
using TUNEL staining (data not shown). To confirm that the
cleaved PARP staining was in the endothelium, consecutive
sections were stained for vWF and cleaved PARP. Cleaved
PARP-positive cells were in the same position lining the
lumen of the vessel as the vWF-positive cells, confirming that
apoptosis was associated with the endothelium (Figure 1C).
Extravillous Trophoblasts Induce Endothelial
Apoptosis When Cocultured In Vitro
SGHPL-4 extravillous trophoblasts induced morphological
changes characteristic of apoptosis in SGHEC-7 ECs after
coculture, including cytoplasmic retraction, a phase-bright
appearance, and membrane blebs and blisters (Figure 2A).
Because HUVEC-derived ECs may not respond in the same
way as ECs of the placental bed, experiments were repeated
with primary decidual ECs, and the same effect was seen
(Figure 2A). Analysis of the kinetics of these changes using
time-lapse microscopy showed that the level of SGHEC-7
and primary decidual EC apoptosis was significantly in-
creased when cocultured with trophoblasts, reaching statisti-
cal significance after 10 hours (P0.04; n9; paired Student
t test) for SGHEC-7 cells and after 21 hours (P0.04; n5;
paired Student t test) for decidual ECs (Figure 2B). This is
consistent with detection of apoptotic changes in the explant
model at 20 hours. Apoptosis was confirmed by use of the
broad-spectrum caspase inhibitor zVAD-fmk (Figure 2B),
which significantly decreased the response after 36 hours for
decidual ECs (P0.001; n5) and decreased the SGHEC-7
cell apoptosis to levels seen in the absence of trophoblasts
(P0.05; n3). Although the percentage of apoptotic cells
appears high, in reality, it represents a much smaller propor-
tion of the total cell population. The cell population also
proliferates, and the results shown only relate to the percent-
age of apoptotic cells detected within the 40 cells chosen for
analysis at the start of the experiment. The levels of apoptosis
in trophoblasts after coculture with ECs was no higher than
the level of basal trophoblast apoptosis observed in the
absence of ECs (data not shown). Apoptosis was additionally
confirmed by transwell coculture experiments and Western
blot analysis of EC expression of the p85 fragment of cleaved
PARP. During coculture with trophoblasts, endothelial-
cleaved PARP expression was increased slightly after 24
hours and further increased after 60 hours (Figure 3).
Fas/FasL Interactions Are Involved in Trophoblast
Induction of Endothelial Apoptosis
Fas expression was detected on spiral artery endothelial and
smooth muscle cells by immunohistochemistry (Figure 4A)
and on SGHEC-7 cells and decidual ECs by immunoprecipi-
tation and Western blot analysis (Figure 4B). To determine
whether FasL was responsible for the induction of endothelial
apoptosis, coculture time-lapse experiments were repeated in
the presence of a blocking antibody to the membrane-bound
Figure 1. Trophoblasts induce spiral artery EC loss through
apoptosis. Unmodified, nonplacental bed uterine spiral arteries
were perfused with CellTracker-fluorescently labeled SGHPL-4
cells or primary first-trimester cytotrophoblasts or media (con-
trol). Vessels were incubated for periods of 20 to 96 hours
before sectioning. A, Expression of vWF indicating the presence
of endothelium in the control perfusion and absence of endothe-
lium in vessels cultured with primary trophoblasts for 96 hours
(the position of the lumen is indicated by the arrows). B, Expres-
sion of p85-cleaved PARP in the endothelium of trophoblast-
perfused vessels, incubated for 20 hours. C, Colocalization of
cleaved PARP with vWF staining in consecutive sections from
vessels cultured with SGHPL-4 cells, confirming apoptosis in
the endothelium. Original magnification 150.
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and soluble forms of FasL, NOK2 (Figure 5). The presence of
trophoblasts led to a 1.91-fold increase in SGHEC-7 apopto-
sis (P0.01; n9) and a 2.04-fold increase in decidual EC
apoptosis (P0.05; n5) after 36-hour coculture. NOK2
abrogated the trophoblast induction of SGHEC-7 apoptosis
(P0.05) and decidual EC apoptosis (P0.05). The isotype
control immunoglobulin for the NOK2 antibody had no
significant effect on the level of trophoblast-induced apopto-
sis. To investigate whether trophoblasts cause a decrease in
endothelial expression of the antiapoptotic protein FLIP,
coculture experiments were performed and FLIP expression
was assessed. Western blot analysis showed no differences in
expression of the long form of FLIP, and no consistent effect
on any of the shorter forms of FLIP were detected on culture
with trophoblasts compared with culture with ECs (to control
for cell number), after 8, 24, or 60 hours (data not shown). To
determine whether FasL was responsible for the induction of
endothelial apoptosis observed in the vessel model, labeled
trophoblasts were perfused in the presence of the FasL
blocking antibody or immunoglobulin control (Figure 6),
vessels were incubated for 20 hours, and cleaved PARP was
detected. Vessels cultured with trophoblasts and control
immunoglobulin showed apoptosis in the endothelium. In
contrast, vessels cultured with trophoblasts in the presence of
the FasL blocking antibody showed no detectable apoptosis.
Discussion
Loss of ECs from the lumen of the maternal uterine spiral
arteries is a prerequisite for a successful pregnancy. To date,
our knowledge is derived from immunohistochemical analy-
sis of placental bed biopsies. From these studies, it is clear
that extravillous trophoblasts detach from the anchoring villi
and invade the uterine wall and its blood vessels as far as the
inner myometrial segments. This occurs during the first 20
weeks of pregnancy, during which time the trophoblasts,
endothelial, and vascular smooth muscle cells transiently
coexist in partially modified spiral arteries.3 Although endo-
thelial and smooth muscle cells are subsequently lost from the
wall of the artery, immunohistochemical studies provide
Figure 2. Coculture with trophoblasts in vitro leads to EC apoptotic morphology. A, SGHPL-4 cells were cocultured with fluorescently
labeled SGHEC-7 cells or decidual ECs shown at 0 hours as a fluorescent and phase-contrast image. Apoptotic morphology could be
detected in ECs over time, evidenced by cytoplasmic retraction and a phase-bright appearance, and membrane blebbing and blistering
(indicated by arrows). Apoptosis in an individual EC is shown to illustrate the morphological changes occurring over time. B, Apoptosis
of SGHEC-7 and primary decidual ECs cocultured with trophoblasts was monitored by time-lapse microscopy. Cells were scored by
the time point at which clear apoptotic morphology was observed. At least 3 separate experiments were performed, and 40 cells were
assessed per well in each experiment. Pooled mean data are shown. Error bars have been omitted for clarity because of the number of
time points. Apoptotic morphological changes could be detected throughout the experiment; however, the difference between EC apo-
ptosis in the presence of trophoblasts compared with ECs alone reached statistical significance after 10 hours (P0.04; n9) for
SGHEC-7 cells and after 21 hours (P0.04; n5) for decidual ECs. zVAD-fmk was added at the same time as trophoblasts.
Figure 3. Expression of cleaved PARP by ECs cocultured with
trophoblasts. SGHEC-7 cells were cultured for 24 hours or 60
hours with SGHPL-4 trophoblast cells or SGHEC-7 (to control
for cell number) in tissue culture inserts before lysis of the ECs.
Western blot analysis with rabbit polyclonal anti-human cleaved
PARP showed a band at 85 kDa. Actin loading control is shown
with a band at 42 kDa. Lane 1, 24-hour endothelial culture; lane
2, 24-hour endothelialtrophoblast coculture; lane 3, 60-hour
endothelial culture; lane 4, 60-hour endothelialtrophoblast
coculture.
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limited insight into cellular dynamics and molecular mecha-
nisms involved. It has been suggested that some changes in
the vessels are independent of trophoblast cells, occurring as
part of the maternal response to pregnancy16; however, it is
clear is that in the absence of trophoblastic invasion, the
extent of this remodeling is significantly reduced, indicating
that trophoblasts must play an active role in this process.
We developed a model to investigate the effect of these
endovascular trophoblasts.7 Using this model, we show that
when isolated unmodified nonplacental bed spiral arteries
were cultured with trophoblasts in the lumen for 4 days, there
was loss of endothelium from the vessel. We have shown
induction of apoptosis in the endothelial layer, preceding loss
of the endothelium from the vessel, and suggest that this is a
mechanism through which trophoblasts influence vessel re-
modeling. Loss of spiral artery endothelium was also ob-
served in a recent study using cocultures of decidual explants
with invasive trophoblasts from villous explants; however, no
mechanisms underlying this phenomenon were demonstrated
in this study.17
A number of mechanisms trigger apoptosis in vascular
cells, including stimulation of Fas (CD95).18 Binding of FasL
to Fas in many cells leads to apoptosis of the Fas-bearing cell
through mechanisms involving activation of caspases, partic-
ularly caspase-8.19 Spiral artery endothelial and smooth
muscle cells were shown to express Fas. FasL can either be
membrane-bound or cleaved by metalloproteinases to release
the extracellular portion as soluble FasL (sFasL). The expres-
sion of FasL by trophoblast cells has been proposed as a
mechanism for induction of apoptosis in maternal immune
cells, thus providing a degree of immune privilege to the
maternal–fetal interface,20,21 and it has been shown recently
that first-trimester trophoblasts secrete FasL.22 The induction
of apoptosis by trophoblasts is therefore not without prece-
dent, but this is the first observation of this occurring in cells
of the maternal vasculature. Whether the loss of the endothe-
lium is a triggering event for subsequent changes in the
smooth muscle layer remains to be determined, as does the
fate of the apoptosed ECs; although it is interesting to note
that trophoblasts can be phagocytic.23,24
Figure 4. Fas expression by spiral arteries and ECs. A, Immuno-
histochemical analysis of Fas expression in spiral arteries. Sec-
tions were labeled with anti-Fas, anti-vWF, or control immuno-
globulin in consecutive sections. Original magnification 150. B,
Western blot analysis of Fas expression (45 KDa) after immuno-
precipitation with polyclonal anti-Fas and detection with mono-
clonal anti-Fas. Lane 1, Decidual ECs; lanes 2 and 3, SGHEC-7
cells. Figure 5. The role of Fas/FasL interactions in trophoblast-
induced SGHEC-7 and decidual endothelial apoptosis. Apopto-
sis of SGHEC-7 cells (A) or decidual ECs (B) cocultured with
trophoblasts (SGHPL-4) was monitored by time-lapse micros-
copy. NOK2 (FasL blocking antibody) or control immunoglobulin
(Ig) were added at the same time as the SGHPL-4 cells. Cells
were scored by the time point at which clear apoptotic morphol-
ogy was observed. Forty cells were assessed per well in each
experiment, and the results represent the mean fold induction of
apoptosis over control levels after 36-hour cocultureSEM of
data pooled from at least 4 separate experiments. *P0.05;
**P0.01.
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To investigate the mechanisms by which trophoblasts may
affect endothelial integrity, we used direct coculture tech-
niques and time-lapse microscopy to monitor characteristic
morphological changes of apoptosis. Trophoblast induction
of endothelial apoptosis in coculture confirmed our observa-
tions from the vessel model. Apoptosis was observed using
HUVEC-derived cells and primary decidual ECs, suggesting
that the ability of trophoblast to induce this effect may not be
limited to spiral artery ECs. A role for FasL/sFasL was
determined by blocking antibodies, which completely abro-
gated the response. Our results suggest that a soluble factor is
likely to be involved because the use of transwells prevented
direct cell/cell interactions; however, apoptotic markers could
still be detected in the ECs. Extension of this study to the
vessel model confirmed a role for Fas/FasL because tropho-
blasts in the presence of the blocking antibody induced no
apoptosis in the spiral artery ECs.
Vascular ECs are normally resistant to Fas-mediated apo-
ptosis, although they express Fas constitutively.18 In human
ECs, levels of FLIP have been shown to control apoptosis
mediated by Fas.25 It is therefore interesting to postulate
whether trophoblasts are not only inducing apoptosis through
FasL/sFasL but are also affecting the downstream signaling
pathway from the Fas receptor. Our coculture studies indi-
cated that trophoblasts did not alter endothelial expression of
FLIP, which either suggests that the Fas-mediated signaling is
the initiating event, or, if it is the consequence of sensitization
to Fas-mediated signals, that mechanisms other than FLIP
expression are involved. It is also possible that factors
produced by trophoblasts are affecting Fas or FasL expres-
sion or distribution on ECs,26 as has been suggested for
trophoblast induction of immune cell apoptosis.27 It is un-
likely that the response observed is specific to trophoblast/EC
interactions because many cells will produce the same fac-
tors; however, in the context of the spiral artery in vivo, only
extravillous trophoblasts are present and in contact with the
maternal endothelium.
Studies of pregnancies in Fas and FasL-deficient mice (lpr
and gld) have been controversial. Reduction in litter sizes and
increased resorption rates have been reported in gld mice,28
whereas other studies have disputed the importance of Fas/
FasL in murine pregnancy.29 However, we must exercise
caution in extrapolating murine studies to human pregnancy,
especially because it has been suggested that remodeling in
murine arteries may be more associated with uterine natural
killer cells than trophoblasts.30
It is unlikely that Fas/FasL interactions are the only factors
of importance in human uterine artery remodeling in vivo.
Because these adaptations are so crucial to establishing an
adequate utero–placental blood flow and healthy pregnancy,
it is highly likely that the regulation will prove more complex.
Obviously, extrapolation from these in vitro observations to
the complex in vivo situation must be done with caution;
however, our results indicate that extravillous trophoblasts
can induce endothelial apoptosis through Fas/FasL interac-
tions and give the first substantial insight into a possible
mechanism by which vascular remodeling may be occurring
in the placental bed. Understanding the mechanisms by which
this occurs in normal pregnancy will provide valuable infor-
mation for determining why these vascular adaptations fail to
occur in some pregnancies.
Acknowledgments
This study was supported by the British Heart Foundation
(PG2001045). We thank Glenn Ferris for technical assistance,
Rosemary Keogh for assistance with Western blot analysis, and John
Aplin for helpful discussions.
References
1. Pijnenborg R, Dixon G, Robertson WB, Brosens I. Trophoblastic
invasion of human decidua from 8 to 18 weeks of pregnancy.
Placenta. 1980;1:3–19.
2. Enders AC, Blankenship TN. Modification of endometrial arteries during
invasion by cytotrophoblast cells in the pregnant macaque. Acta Anat
(Basel). 1997;159:169–193.
Figure 6. The role of Fas/FasL interactions in trophoblast-induced spiral artery EC apoptosis. Unmodified spiral arteries were perfused
with CellTracker-fluorescently labeled SGHPL-4 cells in the presence of either NOK2 (FasL blocking antibody) or control immunoglobu-
lin. Vessels were incubated for 20 hours before sectioning. Top panels, p85-cleaved PARP was expressed in the endothelium of ves-
sels perfused with trophoblastsimmunoglobulin control but was not detected in vessels perfused with trophoblastsNOK2. Bottom
panels, Presence of fluorescently labeled trophoblasts in the lumen. The same number of trophoblast cells were perfused in each
experiment; however, the number detectable in an individual section varied along the length of the vessel. The same result was evident
when a considerable number of trophoblasts could be detected in that section and when fewer trophoblasts were present in that sec-
tion. Original magnification 150.
Ashton et al Trophoblast Induction of Endothelial Apoptosis 107
 at SWETS SUBS SERV-#52115135 on March 11, 2013http://atvb.ahajournals.org/Downloaded from 
3. Brosens JJ, Pijnenborg R, Brosens IA. The myometrial junctional zone
spiral arteries in normal and abnormal pregnancies: a review of the
literature. Am J Obstet Gynecol. 2002;187:1416–1423.
4. Hung TH, Skepper JN, Charnock-Jones DS, Burton GJ. Hypoxia-reoxy-
genation: a potent inducer of apoptotic changes in the human placenta and
possible etiological factor in preeclampsia. Circ Res. 2002;90:
1274–1281.
5. Barker DJ. The long-term outcome of retarded fetal growth. Clin Obstet
Gynecol. 1997;40:853–863.
6. Zhou Y, Fisher SJ, Janatpour M, Genbacev O, Dejana E, Wheelock M,
Damsky CH. Human cytotrophoblasts adopt a vascular phenotype as they
differentiate—a strategy for successful endovascular invasion? J Clin
Invest. 1997;99:2139–2151.
7. Cartwright JE, Kenny LC, Dash PR, Crocker IP, Aplin JD, Baker PN,
Whitley GS. Trophoblast invasion of spiral arteries: a novel in vitro
model. Placenta. 2002;23:232–235.
8. Dimmeler S, Zeiher AM. Endothelial cell apoptosis in angiogenesis and
vessel regression. Circ Res. 2000;87:434–439.
9. Cartwright JE, Holden DP, Whitley GS. Hepatocyte growth factor reg-
ulates human trophoblast motility and invasion: a role for nitric oxide.
Br J Pharmacol. 1999;128:181–189.
10. Shiverick KT, King A, Frank H, Whitley GS, Cartwright JE, Schneider H.
Cell culture models of human trophoblast II: trophoblast cell lines—a
workshop report. Placenta. 2001;22:S104–S106.
11. Cartwright JE, Whitley GS, Johnstone AP. The expression and release of
adhesion molecules by human endothelial-cell lines and their consequent
binding of lymphocytes. Exp Cell Res. 1995;217:329–335.
12. Grimwood J, Bicknell R, Rees MC. The isolation, characterization and
culture of human decidual endothelium. Hum Reprod. 1995;10:
2142–2148.
13. Kayagaki N, Kawasaki A, Ebata T, Ohmoto H, Ikeda S, Inoue S, Yoshino
K, Okumura K, Yagita H. Metalloproteinase-mediated release of human
Fas ligand. J Exp Med. 1995;182:1777–1783.
14. Dash PR, Cartwright JE, Whitely GS. Nitric oxide inhibits polyamine-
induced apoptosis in the human extravillous trophoblast cell line
SGHPL-4. Hum Reprod. 2003;18:959–968.
15. Dash PR, Cartwright JE, Baker PN, Johnstone AP, Whitley GSJ. Nitric
oxide protects human extravillous trophoblasts from apoptosis by a
cGMP dependent mechanism and independently of caspase-3 nitrosy-
lation. Exp Cell Res. 2003;287:314–324.
16. Craven CM, Morgan T, Ward K. Decidual spiral artery remodelling
begins before cellular interaction with cytotrophoblasts. Placenta. 1998;
19:241–252.
17. Dunk C, Petkovic L, Baczyk D, Rossant J, Winterhager E, Lye SJ. A
novel in vitro model of trophoblast-mediated decidual blood vessel
remodeling. Lab Invest. 2003;83:1821–1828.
18. Walsh K, Smith RC, Kim HS. Vascular cell apoptosis in remodeling,
restenosis, and plaque rupture. Circ Res. 2000;87:184–188.
19. Walczak H, Krammer PH. The CD95 (APO-1/Fas) and the TRAIL
(APO-2L) apoptosis systems. Exp Cell Res. 2000;256:58–66.
20. Kauma SW, Huff TF, Hayes N, Nilkaeo A. Placental Fas ligand
expression is a mechanism for maternal immune tolerance to the fetus.
J Clin Endocrinol Metab. 1999;84:2188–2194.
21. Makrigiannakis A, Zoumakis E, Kalantaridou S, Coutifaris C, Margioris
AN, Coukos G, Rice KC, Gravanis A, Chrousos GP. Corticotropin-
releasing hormone promotes blastocyst implantation and early maternal
tolerance. Nat Immunol. 2001;2:1018–1024.
22. Abrahams VM, Straszewski-Chavez SL, Guller S, Mor G. First trimester
trophoblast cells secrete Fas ligand which induces immune cell apoptosis.
Mol Hum Reprod. 2004;10:55–63.
23. Choy MY, Manyonda IT. The phagocytic activity of human first trimester
extravillous trophoblast. Hum Reprod. 1998;13:2941–2949.
24. Albieri A, Kipnis T, Bevilacqua E. A possible role for activated com-
plement component 3 in phagocytic activity exhibited by the mouse
trophoblast. Am J Reprod Immunol. 1999;41:343–352.
25. Suhara T, Mano T, Oliveira BE, Walsh K. Phosphatidylinositol 3-ki-
nase/Akt signaling controls endothelial cell sensitivity to Fas-mediated
apoptosis via regulation of FLICE-inhibitory protein (FLIP). Circ Res.
2001;89:13–19.
26. Sata M, Suhara T, Walsh K. Vascular endothelial cells and smooth
muscle cells differ in expression of Fas and Fas ligand and in sensitivity
to Fas ligand-induced cell death: implications for vascular disease and
therapy. Arterioscler Thromb Vasc Biol. 2000;20:309–316.
27. Fournel S, Aguerre-Girr M, Huc X, Lenfant F, Alam A, Toubert A,
Bensussan A, Le Bouteiller P. Soluble HLA-G1 triggers CD95/CD95
ligand-mediated apoptosis in activated CD8() cells by interacting with
CD8. J Immunol. 2000;164:6100–6104.
28. Hunt JS, Vassmer D, Ferguson TA, Miller L. Fas ligand is positioned
in mouse uterus and placenta to prevent trafficking of activated leu-
kocytes between the mother and the conceptus. J Immunol. 1997;158:
4122– 4128.
29. Chaouat G, Clark DA. FAS/FAS ligand interaction at the placental
interface is not required for the success of allogeneic pregnancy in
anti-paternal MHC preimmunized mice. Am J Reprod Immunol. 2001;45:
108–115.
30. Croy BA, Esadeg S, Chantakru S, van den Heuvel M, Paffaro VA, He H,
Black GP, Ashkar AA, Kiso Y, Zhang J. Update on pathways regulating
the activation of uterine Natural Killer cells, their interactions with
decidual spiral arteries and homing of their precursors to the uterus. J
Reprod Immunol. 2003;59:175–191.
108 Arterioscler Thromb Vasc Biol. January 2005
 at SWETS SUBS SERV-#52115135 on March 11, 2013http://atvb.ahajournals.org/Downloaded from 
Online supplement: ATVB/2004/078733 
 
Supplementary Figure 
 
Figure I : Trophoblasts induce spiral artery endothelial cell loss through apoptosis. 
The position of perfused trophoblasts in sections from Figure 1 (paper) is shown. 
Unmodified, non-placental bed uterine spiral arteries were perfused with CellTracker-
fluorescently labelled SGHPL-4 cells or primary first-trimester cytotrophoblasts. Vessels were 
incubated for periods of 20-96h prior to sectioning. A: Expression of vWF (green 
fluorescence) indicating the absence of endothelium in vessels cultured with primary 
trophoblasts for 96h (the position of the lumen is indicated by the arrows). The position of the 
trophoblasts within the lumen is indicated by red fluorescence. This image corresponds to 
the perfused vessel in Figure 1A (paper). B and C: Expression of p85 cleaved PARP (green 
fluorescence) in the endothelium of trophoblast-perfused vessels, incubated for 20h. The 
position of the trophoblasts within the lumen is indicated by red fluorescence. Image B 
corresponds to the perfused vessel in Figure 1B (paper) and image C is from a separate 
experiment. Original magnification ×150.  
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Supplementary methods 
 
Primary decidual endothelial cell isolation 
Primary human first-trimester decidual endothelial cells were isolated using a 
modification of the method described by Grimwood et al 1995.1 In brief, maternal 
decidual tissue from samples obtained from first trimester therapeutic abortions of 
apparently healthy pregnancies was washed with HBSS, cut into 3mm3 pieces and 
incubated with 2mg/mL collagenase type 1A (Sigma) in McCoy's 5A medium with 
10% (v/v) FCS, 100U/mL penicillin and 0.1mg/mL streptomycin, for 2h at 37°C. The 
cell suspension was filtered through a 100µm mesh, washed repeatedly with 
PBS/0.1% (w/v) BSA and further digested in 0.1% (w/v) trypsin (Sigma 1:250) with 
0.05% (w/v) DNAse I (Roche) for 5 minutes then washed with medium containing 
10% (v/v) serum. Ulex europaeus 1 (UEA1, Sigma) was covalently bound to 
tosylactivated M-450 Dynabeads according to manufacturer’s instructions (Dynal, 
UK). Positive selection of endothelial cells using UEA1-coated dynabeads was 
performed as described.1  The selected cells were washed, resuspended in McCoy's 
medium with 50% (v/v) human serum (pooled male AB), 5ng/mL vascular endothelial 
growth factor, 16IU/mL heparin, 2mg/mL magnesium sulphate, 100U/mL penicillin 
and 0.1mg/mL streptomycin and plated in collagen-coated wells. 
 
Immunoprecipitation and western blot analysis of endothelial Fas expression 
SGHEC-7 cells (approximately 5×106cells) or primary decidual endothelial cells 
(approximately 106cells) were lysed in 1mL of RIPA buffer (1×PBS, 1% (v/v) NP40, 
0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS) with 0.1mg/mL PMSF, 30µL/mL 
aprotinin, and 1mmol/L sodium orthovanadate at 4°C for 30 minutes. Lysate was 
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incubated with 2µg of monoclonal anti-Fas (B-10, Santa Cruz) for 1h at 4°C. Protein-
G PLUS agarose was added (20µL, Santa Cruz) for 16h at 4°C with rotation. The 
pellet was collected by centrifugation at 1000g for 5 minutes at 4°C, washed three 
times with RIPA buffer then resuspended in sample buffer. The samples were 
separated by SDS-polyacrylamide gel electrophoresis and transferred to a 
nitrocellulose membrane. Following incubation in blocking buffer (10mmol/L Tris, pH 
8, 150mmol/L NaCl, 0.05% Tween 20, 10% (w/v) milk powder) for 1h at room 
temperature, the membrane was incubated with monoclonal anti-Fas (MAB142, 
R&D) at 1µg/mL in blocking buffer for 1h. After washing, the membrane was 
incubated with anti-mouse IgG peroxidase (A4416, Sigma) at a 1:1000 dilution in 
blocking buffer for 1h. Detection of membrane bound antibodies was carried out by 
chemiluminescence (ECLPlus, Amersham). 
 
Western blot analysis of endothelial c-FLIP expression 
For analysis of c-FLIP expression, SGHEC-7 endothelial cells were seeded in culture 
plates and SGHPL-4 extravillous trophoblast cells or SGHEC-7 (to control for cell 
number) were seeded at the same concentration as the SGHEC-7 cells in tissue 
culture inserts (Nalge Nunc, 0.4µm membrane). After 16h the medium was changed 
to phenol-red free RPMI/M199 containing with 0.5% (w/v) gelding serum and the 
inserts were added to the plates (three 25mm inserts/ 9cm plate). After the stated 
time the endothelial cells on the plate were lysed in RIPA buffer and western blot 
analysis was carried out. The samples were separated by SDS-polyacrylamide gel 
electrophoresis and transferred to a nitrocellulose membrane. Following incubation in 
blocking buffer (10mmol/L Tris, pH 8, 150mmol/L NaCl, 0.05% Tween 20, 10% (w/v) 
milk powder) for 1h at room temperature, the membrane was incubated with rabbit 
polyclonal anti-human FLIP (FLICE/caspase 8-inhibitory protein, 1:500, BD 
PharMingen) which detects the long form of FLIP or monoclonal anti-human FLIP 
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(1:200, Santa Cruz Biotechnology) which also detects the shorter forms of FLIP for 
1h. Anti-rabbit IgG peroxidase (1:6000, A6154, Sigma) or anti-mouse IgG peroxidase 
(1:5000, A4416, Sigma) were added for 1h. Detection of membrane bound antibodies 
was carried out by chemiluminescence (ECLPlus, Amersham). 
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